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Abstract 
The field ion microscope, with its ability to depict 
individual metal atoms on crystals, has made it possible to 
measure diffusivities of individual atoms. After a brief 
sketch of the technical problems in such quantitative 
studies of surface diffusion, data on the effects of different 
surface structures upon the diffusion characteristics of 
individual a toms are presented for both bee and fee metals. 
Through the use of the field ion microscope the mechanisms 
of atomic motion have for the first time become accessible 
to direct examination; recent studies are presented which 
indicate that the traditional view of surface diffusion as a 
random walk of adatoms between adjacent sites on the 
surface is not generally applicable. The field ion microscope 
has also revealed the importance of clusters as possible 
contributors in surface transport, and work aimed at 
defining the atomic steps important in cluster mobility is 
therefore briefly reviewed. 
Keywords: Field ion microscopy, surface diffusivity, atom 
jumps, diffusion barrier, activation energy for diffusion, 
prefactor, jump length, atomic exchange, clusters, random 
walk. 
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Surface diffusion is of considerable current interest not 
only because of its contributions to processes such as 
crystal growth and heterogeneous catalysis, but also 
because of the fundamental insights it provides into the 
dynamics of events on crystals. The importance of surface 
diffusion was already recognized in the 1920's; 
nevertheless, progress in defining and documenting this 
phenomenon was slow, primarily because of limitations 
on the techniques available for observing surface 
phenomena (Ehrlich and Stolt, 1980). Early measurements 
of surface diffusion generally adopted the approaches 
which had proved useful in the study of bulk phenomena 
(Barrer, 1941; Smoluchowski, 1914), namely observations 
of diffusion down a previously established concentration 
gradient, or more recently, studies of the time correlation 
of concentration fluctuations (Gomer, 1973). These 
experiments rely upon having a technique which provides 
an indication of the concentration of material adsorbed on 
a localized region, and of its spatial variation. Electron 
emission in one way or another yielded this sort of 
information for the early investigators; more recently, a 
wide range of modem surface techniques, described by 
Woodruff and Delchar (1986), such as LEED, Auger 
spectroscopy, atom scattering, laser desorption, and 
infrared studies, have been pressed into service for such 
determinations (see Bonzel, 1990). 
Regardless of the specific technique of observation, all 
such experiments probe the behavior of a whole collection 
of atoms on a surface of macroscopic dimensions; they 
therefore face possible complications arising from 
interactions in the adsorbed layer, interactions which can 
extend over distances of many angstroms, and also from 
possible contributions due to imperfections in the surface. 
In principle these problems can be avoided by observations 
with atomic resolution; this makes it possible to establish 
the perfection of the substrate, and to confine 
measurements to a single adatom, whose behavior can 
then be followed in detail. The diffusivity D, for example, 
can be deduced quite simply from measurements of <11x2>, 
the mean-square displacement during random motion of 
the atom, by applying Einstein's (1956) relation; in one 
dimension this can be written as 
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where r is the jump rate in one direction and tthe root-
mean-square jump length. 
There are now three different techniques available which 
provide a view of surfaces on the atomic level. Field ion 
microscopy (Miiller and Tsong, 1969; Panitz, 1982), the 
oldest and best established of these, has been actively 
pursued since the 1950's. More than a decade ago it also 
was documented that on some surfaces, electron micros-
copy can reveal individual atoms (Crewe, 1983; Isaacson 
et al., 1977), and most recently the scanning tunneling 
microscope (Golovchenko, 1986; Hamers, 1989) has 
yielded pictures of surfaces with atomic resolution. U tlau t 
(1980) actually used a high resolution scanning transmis-
sion electron microscope to make qualitative observa-
tions of atomic motion of heavy metal atoms, such as gold 
and uranium, on graphite; within the last year Ganz et al. 
(1989) have reported observations with a scanning tun-
neling microscope of metal clusters moving on graphite. 
In contrast to these extraordinary studies, use of the field 
ion microscope for examination of diffusion on surfaces 
has become almost routine, and has provided a consider-
able amount of quantitative information about the move-
ment of individual atoms over metal surfaces. It is upon 
this technique that I will concentrate in surveying the 
present state of understanding in this field . Technical 
aspects of diffusion studies on single atoms will be exam-
ined first, in the next section, in order to define the 
strengths and weaknesses of this approach. Following 
that, I summarize some of the relations that have been 
found between the atomic arrangement of a surface and 
the mobility of atoms on it. Quite detailed information 
about the mechanism of atomic motion can be derived 
from observations on the diffusion of a single atom, and 
this will then be outlined. In real systems, atoms are 
unlikely to exist just by themselves; in the last section I 
therefore examine what happens when several atoms on 
a surface combine to form clusters. 
Some Technical Aspects of Diffusion Measurements 
The procedures for deriving quantitative information 
about atomic diffusion, given the capability of visualizing 
individual atoms, have been outlined previously, most 
definitively by Bassett (1983a,b). A single atom is depos-
ited on the surface of interest. This atom is allowed to 
diffuse for a set time interval t, and the displacement t:,x 
from the origin is measured. By repeating this measure-
ment a large number of times, the mean-square dis-
placement <~x2>, which enters into Eq. (1), can be ascer-
tained, so that the diffusivity is known. Similar observa-
tions, but done at different temperatures, then yield the 
activation energy for diffusion EA, as well as the prefactor 
D
0
, in the standard Arrhenius relation (Flynn, 1972) 
(2) 
In the field ion microscope, images are formed by ion-
ization of an inert gas, usually helium, in a high elec tric 
field ( F = 4.5 V / A) at the surface under study. In order to 
minimize possible interactions between the imaging 
conditions and atom motion, observations are done in-
termittently, with the sample at a low temperature ( T < 20 
K). A typical measurement cycle is illustrated in Fig. 1. The 
surface is heated to the predetermined diffusion tem-
perature, and the atom is allowed to migrate during a set 
time interval t, in the absence of any applied fields. 
Thereafter the sample is allowed to cool down, and once it 
is at the imaging temperature, a high field is established to 
record the location of the atom. The field is then turned off, 
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Fig. 1. Sequence of operations for determining atomic 
diffusivities. Location of a rhenium adatom on W(211) is 
given by micrograph at left, taken with the surface at =20 
K Displacements of adatom are observed in later images, 
after warming the surface in the absence of applied fields 
(Wang and Ehrlich, 1988). 
and the measurement cycle starts from the beginning with 
a new diffusion interval. 
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Not every surface can be imaged successfully in the 
field ion microscope (Muller and Tsong, 1969). However, 
a large number of metals and semiconductors as well as 
oxides yield good images. Chemisorbed gases have not 
proved amenable to observation in the field ion microscope 
(FIM). Most studies of diffusion have been done on metal 
atoms, but a material as electronegative as sulfur (Hren 
and Kellogg, 1984) has been successfully examined. The 
equipment for doing all this is simple in the extreme. A 
typical microscope (Reed and Ehrlich, 1985) is illustrated 
in Fig. 2. To allow imaging at a low temperature, the 
sample is mounted as part of a cold finger, which is cooled 
by a mixture of liquid and gaseous helium. Atoms are 
deposited on the sample from resistively heated evapora-
tors. To establish conditions under which migration oc-
curs, the sample is held on a hairpin filament equipped 
with potential leads. A double Kelvin bridge circuit makes 
it possible to heat the support to a preset value of the 
temperature, as measured by theresistanceof the support 
loop between the probe leads. Images of the surface are 
taken on a high-gain Vidicon camera and recorded on 
videotape. The various operations required for diffusion 
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Fig. 2. Schematic of field ion microscope for observing 
diffusion of individual atoms. In operation, microscope is 
attached to ultra-high vacuum sys tern, and sam pie mount 
is cooled by a mixture of liquid and gaseous helium 
supplied by a transfer tube (Reed and Ehrlich, 1985). 
measurements are started and controlled by a sequencer, 
so that after deposition of an atom on the surface the 
experiment proceeds automatically (Fink and Ehrlich, 
1984) . 
The limiting factors in carrying out diffusion measure-
ments are quite old fashioned; they are temperature con-
trol, sample size, and contamination. When the sample is 
heated to the diffusion temperature, there is some delay in 
actually reaching this temperature; similarly, when the 
heating current to the sample mount is interrupted, the 
sample temperature does not drop instantly. Changes in 
the position of the atom are therefore possible while the 
temperature is close to, but not exactly at the value set for 
diffusion. For a well defined experiment, the heating and 
cooling transients during which the atom can still move 
should be short compared to the length of the actual 
diffusion interval t. 
There is also a limit on the length of the diffusion interval 
itself. Equation (1), which relates the mean-square dis-
placement to the diffusivity D, or equivalently to the 
number of jumps 2rt during the diffusion interval, is 
valid only for an atom migrating on an infinite plane. In 
field ion microscopy the samples are sharply pointed, to 
achieve the high image fields at a low voltage (generally 
on the order of== 10 kV). As a consequence, even the largest 
planes are likely to be no more than== 75 A in diameter, and 
in experiments the root-mean-square displacement must 
be kept below this limit to avoid edge effects. At high 
temperatures, displacements of this magnitude may be 
reached in diffusion times small compared to the transients 
in the temperature cycle, placing these temperatures 
outside the accessible range. Attempts have been made to 
circumvent this problem by resorting to local heating with 
a laser (Gao and Tsong, 1987), but this introduces diffi-
culties with the calibration of the temperature scale, which 
have not been completely solved. 
At low temperatures, the diffusion intervals may have 
to be very long in order for an atom to make even a single 
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jump. The total time to acquire a statistically significant 
sample may therefore begin to approach the time limit of 
== 2 hours during which the microscope can be operated 
without requiring renewal of the surface to avoid con-
tamination. These considerations limit the range of tem-
peratures over which diffusion measurements can be 
made to roughly 50 K. Even this restricted temperature 
range still yields quite reasonable diffusion characteristics. 
Typically 100 observations can be made at any one tem-
perature in a reasonable time. The statistical uncertainties 
in the activation energy EA and in the prefactor D
0 
can be 
estimated by Monte Carlo simulations (Reed and Ehrlich, 
1982; Wang and Ehrlich, 1988), and are shown in Fig. 3 for 
measurements extended over seven temperatures. It 
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Fig. 3. Monte Carlo simulation of diffusion measurements 
in the field ion microscope. Input value for D
O
= 10-3 cm2 / 
sec. Diffusion characteristics are derived from 100 simu-
lated observations at each of seven temperatures (Wang 
and Ehrlich, 1988). 
surface diffusion of individual atoms with a standard 
error of± 3%, and prefactors good to a factor of 3±1. 
The basic measurement required to define the mean-
square displacement is one of length, and here it must be 
recognized that the FIM does not give reliable distance 
measurements directly. As an atom moves from one side 
of a plane to the other, the magnification of the image may 
change. Measuring the distance traversed by an atom in 
the image therefore does not suffice to yield a quantita-
tive value of the atomic displacements (Bassett, 1983a). 
This, however, does not constitute a significant problem. 
The positions of an atom after diffusion can be recorded 
and provide a map of the binding sites on the surface. The 
distance between binding sites usually stands in an obvi-
ous relation to the known spacing of the lattice, and 
therefore provides a built in distance calibration. This is 
illustrated by the extensive measurements of Fink and 
Gert Ehrlich 
Ehrlich (1984) on the location of a tungsten atom on 
W(211), shown in Fig. 4. All of the more than 1300 
observations cluster around a limited number of sites, 
which are cleanly separated from one another, so that the 
assignment of an atom to a binding site is quite unequivo-
cal. The same type of assignment can still be made even 
















Fig. 4. Plot of locations observed for a tungsten adatom 
after diffusion over W(211) at 363 K. All 1340 observations 
are concentrated at 12 individual binding sites (Fink and 
Ehrlich, 1984). 
close-packed (111) plane of the fee lattice (Wang and 
Ehrlich, 1989d). 
Atomic Diffusivities and Surface Structure 
In the standard view of diffusion over a crystal, an atom 
executes a random walk by jumping from one binding site 
to an adjacent one on the surface, as suggested in Fig. 5. 
The mean-square-displacement in one dimension (Flynn, 
1972) can be written as 
<~x'>/t = ua2exp[~S/k]exp[-EA/kT] 
=2Doexp[-EA/kT] . (3) 
Here EA is the barrier height over which jumps occur, a is 
the nearest neighbor distance, u is the frequency at which 
jumps are attempted, and ~S the entropy of activation for 
the jumps. Provided u is on the order of 1012sec·1, and the 
entropy term ~S is negligible, as it would be for some-
thing like a sinusoidal barrier, the prefactor D
0 
in Eq. (3) 
is expected to be on the order of ~ 10-3 cm2 / sec. Predic-
tions about the magnitude of the activation energy are 
more difficult. In jumping from one binding site to an-
other, the atom passes through a region where its attractive 
interactions with the surface will be lower. Reliable esti-
mates of this change in energy require a quantitative 
theory of bonding at surfaces, and work toward this goal 
is still in its beginning stages. By just counting the nearest-
neighbor bonds which are lost in moving from a binding 
site to an intermediate state between two sites it is evident 
that the barrier to diffusion over the surface should be 
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Fig. 5. Schematic potential diagram for migration of an 
adatom by hopping over a barrier of height EA. a is the 
nearest-neighbor spacing. 
much smaller than the heat of evaporation from the 
surface, a process in which the atom loses all contact with 
the lattice. For example, on this picture the activation 
energy for diffusion on the close-packed (111) plane of the 
fee lattice should amount to~ 1/6 the heat of vaporiza-
tion. There have been attempts at better estimates, based 
on an assumed form of the interatomic potential. For self-
adsorbed a toms interacting via a Morse potential (Girifalco 
and Weizer, 1959), migration on the (110) plane of the bee 
lattice should occur over a barrier ~ 1 /20 the heat of 
vaporization of the crystal. The results of actual experi-
ments are rather different, indicating higher diffusion 
barriers. Early measurements for tungsten atoms on 
W(ll0), for example, suggest an activation energy of 
21kcal/mol (Ayrault and Ehrlich, 1974; Ehrlich and 
Hudda, 1966), compared to a heat of vaporization of 203 
kcal/mo 1. The behavior of other ad atoms is not too differ-
ent. For nickel adatoms the barrier to diffusion over 
W(ll0) has been estimated as 11 kcal/mol (Bassett, 1978; 
Kellogg, 1987), compared to an energy of 100 kcal/mol 
required todesorb the atom from the plane (Kolaczkiewicz 
and Bauer, 1986). 
In diffusion, an atom probes variations in the interac-
tion energy as it moves from one position on the surface 
to another. We would therefore expect the barrier to 
diffusion to be sensitively dependent upon the geometry 
of the plane on which motion takes place. In Table 1 are 
given predictions by Flahive and Graham (1980a) for self-
diffusion over different planes of a bee metal, tungsten, 
based on the assumption that the atom interacts with the 
lattice via a Morse potential. Since the actual potential is 
not known, however, and is certainly much more compli-
cated, these should at best be considered as crude esti-
mates of the order of magnitude of structural effects to be 
expected (see also Wolf, 1990). The predictions are com-
pared with experiments, where possible from different 
laboratories. Only a very limited selection of planes has 
actually been studied, mostly in very early work. It is 
noteworthy that on tungsten, atoms have quite similar 
activation energies on planes with rather different struc-
tures. For example, on (110), (211), and (321), the barriers 
to diffusion are all within the limit of error of each other, 
which is quite contrary to the estimates above. Gross 
expectations, which are that diffusion should be more 
difficult over rough than over smooth planes, certainly 
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Table 1. Energy EA ( kcal/mol) for Surface Self-
Diffusion on Tungsten 
Plane Calculated a) Experimental 
(110) 10.6 21.2 b) 19.9 C) 20.8d) 
(211) 6.5 19.7 e) 19.0 f) 
(321) 3.0 20.1 b) 19.4 c) 
(111) 26.1 42 g) 
(100) 37 
a) Flahive and Graham (1980a) 
b) Ayrault and Ehrlich (1974) 
c) Bassett and Parsley (1970) 
d) Cowan and Tsong (1975) 
e) Flahive and Graham (1980b) 
f) Wang and Ehrlich (1988) 
g) Graham and Ehrlich (1974) 
are satisfied, as is clear from the difference between 
diffusion observed on the atomically rough W(l 11), on 
which each surface atom has only 4 nearest neighbors, 
and on the more densely packed W(l 10). More extensive 
exploration of single atom diffusion on differently struc-
tured planes of the same material has been done on fee 
metals. As is apparent from the results for self-diffusion 
ofrhodium (A yr a ult and Ehrlich, 1974), in Fig. 6, there are 
sizable differences in the diffusion characteristics in go-
ing from the atomically smooth (111) plane to the much 
T (Kl 
320 300 220 210 200 190 180 60 55 50 
Fig. 6. Self - diffusion of single rhodium atoms on differ-
ently structured rhodium planes (Ayrault and Ehrlich, 
1974). 
rougher (100). On the former, atom motion is already 
rapid at cryogenic temperatures; on the (100) plane, dif-
fusion only becomes observable around room tempera-
ture. Measurements over a more limited number of 
planes have also been made for platinum (Bassett and 
Webber, 1978), and show generally the same trends. 
Despite the large temperature span covered in the studies 
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on rhodium, the dynamics of motion, as revealed by the 
prefactor D 
0
, appear entirely normal and much the same 
for the different planes. Also, there is surprisingly good 
agreement between the trends in the diffusion barriers in 
going from smooth to rough surfaces, and the predictions 
based on pairwise additive Morse potentials, which are 
compared with experiments in Table 2. It must be empha-
sized again that such potentials are known to fail in 
representing some properties of metal surfaces, for ex-
ample the spacings perpendicular to the surface; these 
diffusion estimates are therefore useful only in suggest-
ing possible trends that might be caused by the differ-
ences in the structure of different planes; more sophisti-
cated calculations, relying on the embedded atom method, 
are under way in several laboratories. 
Table 2. Activation Energy EA (in kcal/mol) for 
Surface Diffusion on fee Metals 
Rh Pt Ni 
Plane Cale a) Expt b) Cale a) Expt c) Calca) Expt d) 
(111) 1.2 3.6 0.5 7.6 
(311) 10.2 12.4 11.5 12.2 4.8 6.9 
(110) 11 .l 13.9 13.4 19.4 4.6 5.3 
(331) 14.3 14.8 14.5 19.4 3.5 10.4 
(100) 16.1 20.2 18.3 6.6 14.5 
a) Flahive and Graham (1980a) 
b) Ayrault and Ehrlich (1974) 
c) Bassett and Webber (1978) 
d) Tung and Graham (1980) 
The geometry of the surface on which diffusion occurs 
affects not only the overall energetics; it can also create 
preferred directions of high diffusivity. The (211) plane of 
the bee lattice, for example, is made up of dose-packed 
rows of atoms, arranged into channels in the <111> direc-
tion. In diffusion on W(211), single atoms have been found 
to always move along these channels (Wang and Ehrlich, 
1988). Similar structures appear on the fee lattice; the 
(110), (331), and (311) all are channeled, and on rhodium, 
motion has in fact been found to occur only along these 
channels (Ayrault and Ehrlich, 1974). However, as is 
noted in the next section, there are exceptions to this rule 
on the (110) planes on other fee metals. 
Since the first quantitative observations of the surface 
diffusivity of individual atoms, in the 60's, considerable 
data on diffusion characteristics of atoms has accumu-
lated in the literature, which has been reviewed recently 
by Tsong (1988). Nevertheless, it is difficult to discern a 
clear dependence upon the chemical characteristics of the 
substrate, the nature of the adatoms, and sometimes also 
Gert Ehrlich 
the structure of the surface on which diffusion occurs. 
Many of the studies have been concentrated upon only 
one plane, or one kind of adatom. The exploration of 
structural effects on diffusion, in which migration is 
compared on many different surfaces, was done in the 
very early days, when techniques for data taking and 
analysis were just being developed. The early data should 
therefore be treated with some reserve. A good example 
of this difficulty is afforded by studies of atoms migrating 
on W(211), a plane on which adatom motion is one-
dimensional and therefore particularly simple to interpret. 
Data on the diffusion characteristics of various atoms on 
this plane, obtained in different laboratories around the 
world, are given in Table 3. Contrary to the expectations 
outlined earlier, there is a large spread not only in the 
diffusion barrier, but also in the prefactor, which varies 
over five orders of magnitude. It turns out, however, that 
this apparent chemical specificity in D
0 
is really an arti-
Table 3. Diffusion Characteristics on W(211) 
Ta w Mo Re Ir 




9x10-8 1.5xIQ-2 9.3x10-7 2.2x10 -3 5xIQ-7 
(cm2/sec) 
Authors Bassett Flahive Sakata Stolt Reed 
and and and et al. and 
Parsley Graham Naka- Ehrlich 
mura 
(1970) (1980b) (1975) (1976) (1975) 
fact. 
In Fig. 7 are shown the results of recent comparative 
studies on different atoms diffusing on W(211), all done 
under comparable conditions on the same sample and 
with extensive determinations of the individual atomic 
displacements (Wang and Ehrlich, 1988). The prefactors 
are all of the same magnitude, and agree nicely with the 
value of 1Q·3cm 2 / sec derived from the simplest of models . 
Incidentally, the ratio of the diffusion barrier to the heat of 
vaporization of the element whose atoms are diffusing 
over the surface is usually 1/10, and this affords a simple 
rule for predicting unknown energetics. It is clear that the 
techniques exist for deriving quantitatively reliable diffu-
sion characteristics for single atoms on well defined crystal 
planes. Much more exploration is still necessary to estab-
lish a base of reliable data to delineate the influence of 
different material parameters upon the diffusion process. 
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Fig. 7. Diffusion of different metal adatoms on W(211). 
Statistical uncertainties in these observations on indi-
vidual atoms are derived by computer simulation (Wang 
and Ehrlich, 1988). 
The Mechanism of Atomic Motion 
The assumption usual in interpreting surface diffusion 
phenomena is that the matter flux is carried by atoms 
executing a simple random walk between neighboring 
lattice sites on the surface. That this assumption is indeed 
appropriate under some conditions has been shown very 
directly in the diffusion of iridium atoms self-adsorbed 
on Ir(l 11) (see also Flahive and Graham, 1978). The close-
packed (111) plane of the fee lattice offers two types of 
binding sites, designated as bulk and surface sites in Fig. 
Fig. 8. Schematic of fec(l 11) plane, showing bulk and 
surface sites. Circles give location of lattice atoms in 
outermost plane, solid lines indicate surface unit cell. 
Addition of atoms at bulk sites continues fee crystal. 
8. Addition of atoms at bulk sites continues the normal fee 
structure, whereas atoms at surface sites create a stacking 
fault. In the FIM, iridium atoms at bulk sites appear as 
triangles with the apex away from [211), whereas for 
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iridium at~f!lS at surface sites the apex of the image spot 
is along (211]. A sequence of FIM images of an iridium 
adatom after diffusing at 93 K is shown in Fig. 9, together 
with a schematic showing the location of the adatom as 
determined by careful mapping (Wang and Ehrlich, 
1989c). The iridium adatom starts at a surface site. When 
it does jump, it moves to adjacent bulk site, from which it 
eventually returns again to a surface site. At low tem-
peratures, diffusion clearly occurs by jumps between 
nearest neighbors. This picture s~ms to bein accord with 
many other results obtained in studies on individual 
atoms,butneverthelessmaynotbeuniversallyapplicable. 
Fig. 9. Single iridium adatom, observed on Ir(ll 1) after 
diffusion at93 K. Location of adatom is given in accompa-
nying schematic at right of field ion micrograph. Orienta-
tion corresponds to that in previous figure (Wang and 
Ehrlich, 1989c). 
An interesting exception occurs with members of the 
platinum family of metals. On the (110) plane of plati-
num, Bassett and Webber (1978) observed some time ago 
that, contrary to previous experience on W(211) and on 
various channeled planes on rhodium, a platinum atom 
moved across as well as along the channels. On Ir(l 10), 
Wrigley and Ehrlich (1980) found that iridium atoms 
hardly ever moved along the channel direction, but instead 
preferred displacements into adjacent rows. The events 
involved in this cross-channel motion have been revealed 
in experiments with an imaging atom probe, which allows 
identification of the location of individual atoms as well 
as of their chemical identity (Chambers and Ehrlich, 
1976). Wrigley and Ehrlich (1980) deposited a single 
tungsten atom on Ir(l 10). After warming the surface, an 
atom appears in an adjacent channel. Field evaporation 
and mass analysis of the atom reveals that it is iridium, 
rather than the tungsten atom originally put down. It 
835 
appears that the tungsten atom takes the place of an 
iridium atom in the sides of the (110) channel, pushing the 
iridium atom into an adjacent channel, where it can 
continue the diffusion process. By analysis of the com-
position of the lattice after adatoms had been stripped 
from the surface the tungsten atom was actually discov-
ered buried in the outermost layer of the iridium crystal. 
In the platinum family metals rhodium, platinum, and 
iridium, cross-channel motion, presumably by this ex-
changemechanism, appears to be confined to those metals 
for which the (110) plane undergoes reconstruction. This 
may not be a general rule, however. Tung and Graham 
(1980) have observed cross-channel jumps on Ni(l 10) 
and Al(l 10), for which the clean surfaces have the period-
icity of the bulk planes (Van Hove et al., 1986). 
Cross-channel jumps, and presumably diffusion by an 
exchange mechanism, may be more general than sus-
pected. In more macroscopic observations of migration 
on W(211) surfaces prepared by thermal annealing, 
Tringides and Gomer (1986) as well as Gong and Gomer 
(1988) find diffusion both along and across the close-
packed channels. De Lorenzi andJ acucci (1985) have done 
molecular dynamics simulations to study the behavior of 
individual atoms. On bcc(211) they find diffusion across 
channels by atomic exchange occurs at high tempera-
tures, T > .24 Tmeu· Recent simulations by DeLorenzi at 
lower temperatures reveal only transitions along the 
channels. One implication of these studies is that the 
mechanism of atomic motion may well change if diffusion 
is studied under a wide enough range of conditions. It 
should also be noted that diffusion by an atomic exchange 
mechanism need not be limited to channeled surfaces. In 
Fig. 10 are shown trajectories observed by De Lorenzi and 
Jacucci (1985) for a self-adsorbed adatom migrating on a 
bcc(lO0) plane at T = .4 Tmeu· The adatom not only makes 
jumps of length a(the lattice spacing) along <100>; occa-
sionally the adatom pushes an adjacent lattice atom out of 
o o o/aio 
bcc(IOO) .., , • 
0 0 0-t:!)O 
0 0 0/tO 0 
0 OJ#~O 0 
[OOl]ti'.l] 'tY 
~[01010 0 0 0 ..... 
Fig. 10. Trajectories of a self-adsorbed atom on a bcc(lO0) 
surface obtained by molecular dynamics simulations at .4 
Tme1,· Curved arrows indicate an atomic exchange, in 
which the migrating atom takes the place of a lattice atom 
and pushes the latter along <011 > into an adjacent site on 
the surface (DeLorenzi and Jacucci, 1985). 
Gert Ehrlich 
its position, and replaces it in the lattice. The overall 
atomic movement by this exchange process is along 
<011>, and covers a distance ✓2 a. It remains to be seen 
how general this type of exchange process is in real 
materials. 
Even when diffusion involves jumps of only a single 
atom, it is not immediately evident that migration occurs 
by random motion between adjacent sites, as generally 
postulated. The length tof the jumps made by the atom 
enters into the value of the prefactor D
O 
in the diffusivity. 
The value of the entropy of activation also affects the 
prefactor, and at bestitis the product t 2exp[i'lS/k] that can 
be deduced from experiment. As already mentioned in 
the previous section, the experimental values of D
O 
gen-
erally are not known well enough to draw reliable conclu-
sions about the jump length from standard determina-
tions of the mean-square displacement. However, at one 
time or another, diffusion by long jumps has been in-
voked as a possible explanation of anomalously large 
prefactors observed in experiments. That the picture of 
migration by nearest-neighbor jumps is not universally 
correct is clear from molecular dynamics simulations of 
the diffusion process. In Fig. 11 is plotted the position of 
an atom on the (211) plane of the bee lattice, as simulated 
by De Lorenzi. Even in self-diffusion at medium tempera-
tures some multiple jumps, in which an atom moves to a 
new position more than one lattice spacing from its 
origin, can be identified. When the binding of the adatom 
0 0.2 04 0.6 
Time (nsec) 
Totol Events= 40 
Fig. 11. Position of adatom in diffusion along a <111> 
channel on bcc(211), as derived from molecular dynamics 
simulations (DeLorenzi, unpublished). Multiple jump 
events increase as temperature is increased or bonding of 
adatom is weakened. 
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to the surface is weakened, or the temperature is in-
creased, the number of such correlated jumps increases. 
What actually happens in real systems can be explored 
by observations of the atomic displacements. Instead of 
just relying on the mean-square value of the displace-
ments, which has provided all the information about 
diffusivities, observations with the FIM can, if done con-
sistently, yield information about the probability of find-
ing an atom at a specified displacement from the origin 
after a set time interval t. This probability in turn depends 
upon the rate at which jumps covering single spacings 
occur compared to the rate for double, triple, or longer 
jumps. For example, if diffusion takes place along a line, 
and single as well as double jumps contribute at the rates 
ex and p, then it has been shown by Wrigley et al. (1990) 
that the probability p(x,t) of being at a distance x from the 
origin after a time tis just 
p(x,t) = exp[-2(cx+pm: 1ppt) 1 •. i2cxt). (4) 
Here the summation extends over all integer values of j, 
and I (u) is the modified Bessel function of order x and 
argu~ent u. Experimental information on p(x,t), ob-
tained by repeated observation of the displacement of an 
atom during a given time interval, can now be compared 
with Eq. (4) to yield values of the jump rates to sites at 
different distances from the start. This comparison has 
been made by Wang et al. (1989), and in rig. 12 are shown 
the results for rhenium atoms diffusing on W(211) . It is 
interesting that a Gaussian distribution of displacements, 
which is generally assumed to describe diffusion phe-
nomena, does not do well in duplicating the experiments. 
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Fig. 12. Distribution of displacements for a single rhenium 
adatom on W(211). Experiments (in black) are compared 
at the left (diagonal) with the best fit of Eq. (4) and at the 
right (shaded) with the best fit for a Gaussian distribution. 
Standard error of experiments is indicated by dashed 
lines (Wang et al., 1989). 
Direct Observations of Surface Diffusion 
provided that jumps covering more than a nearest-neigh-
bor spacing do not play a significant role. This also 
appears to be the case for other adatoms diffusing on 
W(211). Detailed distributions have been examined for 
Re Mo Ir and Rh atoms. For rhodium and iridium there 
is~ hin {that longer jumps may make a small con tri bu tion, 
< 5%, but in all these systems diffusion is dependent 
primarily upon the random movement of atoms between 
adjacent sites on the surface. 
This, however, may not be the universal mechanism of 
atomic motion. Recently detailed measurements have 
been started by Lovisa and Ehrlich (1989) on W(l 10), the 
most densely packed plane of the bee lattice, for which a 
schematic is provided in Fig. 13. On this surface motion is 
2-dimensional. The distribution of 1254 displacements 
Fig. 13. Schematic of possible single and double jump 
processes on bcc(l 10) plane. Greek letters give rates of 
jumps, circles represent binding sites for adatom. 
observed after diffusion at 335 K is shown in Fig. 14. It is 
necessary to invoke longer jumps along the close-packed 
directions, as well as jumps along the orthogonal axes, in 
order to adequately represent the experiments. What is 
especially interesting is that the distribution is quite sen-
sitive to temperature. Measurements of the distribution of 
displacements after diffusion at a lower temperature, 310 
K, conform nicely to what is expected if only single jumps 
along the close-packed directions contribute to diffusion. 
We have here the first indication of a significant difference 
in the temperature dependence of jumps of various lengths. 
This is highly suggestive of a barrier higher for long 
jumps than for nearest-neighbor transitions. Long jumps 
appear to occur not because atoms have difficulty ther-
malizing with the lattice after being excited to a jump, but 
rather because their transition states are different. The 
extent to which this picture is generally applicable will, of 
course, still have to be worked out. It is already clear, 
however, that direct observations on individual atoms are 
revealing unexpected and interesting information. 
Ir on W(llO) 
T = 335K, 10 sec 
(6x2> = 1.2a2 
l Experiments 










Fig. 14. Frequency of different displacements of iridium 
atom on W(l 10) at T = 335 K. To fit the data requires a 
significant contribution from double jumps along close-
packed and orthogonal directions (Lovisa, unpublished). 
Diffusion of Clusters 
When more than one atom is deposited on a surface, 
there is the possibility that interactions between the at-
oms will lead to association. Clusters formed in this 
fashion were first examined in the electron microscope 
(see Kinosita, 1981), and were found to be surprisingly 
mobile. These observations stimulated much speculation 
about the mechanism of cluster mobility (Kern et al., 
1970), but it remained for field ion microscopic studies to 
provide more detailed insights. Motion of small clusters 
such as dimers and trimers on metals appears to arise 
from individual jumps of the atoms in the cluster. Con-
sider an extensively studied example - the diffusion of 
rhenium dimers and trimers on the channeled W(211). 
The possible steps in the movement of a dimer are illus-
trated in Fig. 15a. The straight and staggered dimer states 
postulated have been identified by Stolt et al. (1976) and 
are shown in Fig. 15b. More than that, the observed 
motion of the dimer center of mass has been found in 
quantitative agreement with the predictions based on 
measured jump rates of the cluster. Bassett (1976) has 
similarly been able to show that the motion of platinum 
dimers and trimers on W(l 10) occurs through a sequence 
of single atom jumps. Much larger clusters have also been 
found to move over W(l 10). For palladium, two-di-
mensional rafts of more than fifty atoms have been ob-
served sweeping across this plane below 500 K (Fink, 
1988; Ehrlich, 1983) and more recently rafts of nickel have 
been observed to diffuse similarly (Kellogg, 1987). Detailed 
studies of such large entities are not yet available, but 
Gert Ehrlich 
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Fig. 15. Dimer motion on W(211). a) Schematic giving 
sequence of steps, involving straight and staggered dimers, 
which leads to the mean-square displacement <t.x2>. b) 
Hard-sphere model and field ion image of straight as well 
as staggered cross-channel dimer (Stolt et al., 1976). 
observations have recently been made by Prof. Wang in 
our laboratory on iridium clusters of different size on the 
(111) plane of iridium, an fccmetal, and reveal interesting 
phenomena. 
Shown in Fig. 16 are images of iridium clusters on the 
close-packed Ir(l 11) plane. The structure of these clus-
ters, as derived by plotting the positions of the individual 
cluster atoms on a map of the sites at which single atoms 
are held on the surface (Wang and Ehrlich, 1989a), is 
illustrated in Fig. 17. The characteristic temperature for 
diffusion of these clusters, in Fig. 18, varies in an interest-
ing fashion with size - there is a sudden minimum in the 
diffusion temperature for tetramers (Wang and Ehrlich, 
1989b ). However, this is not an indication of some change 
in the mechanism of motion. The temperature for cluster 
dissociation, also plotted in Fig. 18, shows the same sort 
Fig. 16. Field ion images of iridium clusters on Ir(l 11). 
Shown are a single iridium adatom, a dimer, a triangular 
as well as a linear trimer, and clusters Ir. with x ranging 
from 4 to 13 (Wang, unpublished) . 
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Fig. 17. Schematic showing atomic position deduced by 
detailed mapping experiments for clusters imaged in the 
previous figure (Wang, unpublished). 
of size dependence, suggesting that binding in tetramers 
is unusually weak, and leads to an unusually low barrier 
to the displacement of an atom in a tetramer. Detailed 
measurements of the diffusion characteristics for clusters 
ranging from dimers to pentamers, in Fig. 19, reveal a 
prefactor D
0
, and therefore presumably a mechanism of 
motion, constant despite remarkable variations in the 
activation energy. 
Extensive observations of the movement of these clus-
ters have been made at low temperatures, where there is 
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Fig. 18. Characteristic temperatures for diffusion T
0 
and 
for dissociation Tdiss of iridium clusters on Ir(l 11) (Wang 
and Ehrlich, 1989b). 
Direct Observations of Surface Diffusion 
T(K) 
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Fig.19. Temperature dependence of the diffusion of iridium 
clusters on Ir(l 11) (Wang and Ehrlich, 1989b). 
20 is shown a sequence illustrating rotation as well as 
translation of a tetramer; schematics of the jumps that 
lead to the observed configurations are given in Fig. 21. A 
recurring intermediate postulated for rotation is the ar-
rangement in a' and c' . This intermediate is actually 
observed, in fig. 20f, confirming the view that single atom 
movements are involved in the diffusion of this cluster. 
Clusters of seven and also of twelve atoms form close-
packed structures on Ir(l 11). Another atom added to this 
core is less strongly bonded than the rest, and is able to 
migrate around the center, as illustrated for lr
13 
in fig. 22 
and 23. The core of the cluster remains stationary, how-
ever, and the peripheral motion does not bring about long 
range diffusion; for this, rearrangement of the core is 
required . 
In this series of iridium clusters there is good evidence 
that movement over the surface occurs by individual 
jumps of cluster atoms. There are some indications in 
other systems, however, that diffusion by more compli-
cated mechanisms, such as sliding of the cluster as a whole 
over the surface, may be possible (Fink and Ehrlich, 1985), 
and it will certainly be important to carry out more ex-
tended studies on clusters. 
Summary 
The ability to depict individual atoms in the field ion 
microscope has been crucial to achieving detailed insights 
into how migration occurs on crystal surfaces. For metal 
atoms at least, the methods of observation are quite rou-
tine, and automation has made it possible to acquire the 
statistical information required for quantitative determi-
nations of diffusion phenomena with relative ease. The 
time therefore appears ripe for a consistent effort to ex-
plore atomic mechanisms operating in diffusion, to delin-
eate more clearly the effects of surface structure upon 
migration phenomena, and also to explore the trends for 
different types of substrates and adatoms. 
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Fig. 20. Field ion images of iridium tetramer after diffu-
sion for 10 sec at 184 Kon Ir(l 11) (Wang, unpublished). 
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dicated by primes, are not observed; (f) marks an inter-
mediate that is actually imaged (Wang, unpublished). 
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Fig. 22. Peripheral atom movement around Ir 12" To the core 
cluster, in (a), a single iridium atom is added in (b). 
Observations are made after 10 sec diffusion intervals at 
420 K (Wang, unpublished). 
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Fig. 23. Schematic of atom positions in previous figure 
(Wang, unpublished). 
National Science Foundation, for support of this report 
under Grant NSF DMR 87-22519. 
References 
Ayrault G, Ehrlich G. (1974). Surface self-diffusion on 
an fcccrystal: An atomic view, J. Chem. Phys. 60, 281- 294. 
Barrer RM. (1941). Diffusion in and through solids, 
Cambridge University Press, London, 1 - 90,347 - 381. 
Bassett DW. (1976). Migration of platinum adatom 
clusters on tungsten (110)surfaces,J. Phys. C9,2491-2503. 
Bassett DW. (1978). Field ion microscopic studies of 
submonolayer films of nickel, palladium and platinum 
on (110) tungsten surfaces, Thin Solid Films 48, 237 - 246. 
Bassett DW. (1983a). Observing surface diffusion at 
the atomic level, I. Single atoms. In: Surface Mobilities on 
Solid Materials, (Binh VT, ed.), Plenum, NY, 63 - 82. 
Bassett DW. (1983b). Observing surface diffusion at 
the atomic level, II. Adatom clusters. In: Surface Mobilities 
on Solid Materials, (Binh VT, ed.), Plenum, New York, 
83 -108. 
Bassett DW, Parsley MJ. (1970). Field ion microscopic 
studies of transition metal adatom diffusion on (110), 
(211) and (321) tungsten surfaces, J. Phys. D 3, 707 - 716. 
Bassett DW, Webber PR. (1978). Diffusion of single 
adatoms of platinum, iridium and gold on platinum 
surfaces, Surf. Sci. 70,520 - 531. 
Bonzel HP. (1990). Surface diffusion on metals. In: 
Diffusion in metals and alloys, (Mehrer H, ed.), Springer-
Verlag, Berlin, In Press. 
Chambers RS, Ehrlich G. (1976). Chemical identifica-
840 
tion of individual surface atoms in the atom probe, J. Vac. 
Sci. Technol. 13, 273 - 276. 
Cowan P, Tsong TT. (1975). Diffusion behavior of 
tungsten clusters on the tungsten (110) planes, Phys. Lett. 
53A, 383 - 383. 
Crewe AV. (1983) . High-resolution scanning trans-
mission electron microscopy, Science 221, 325 - 330. 
De Lorenzi G, Jacucci G. (1985). The migration of point 
defects on bee surfaces using a metallic pair potential, 
Surf. Sci. 164, 526 - 542. 
Ehrlich G. (1983). Layer growth- an atomic picture. In: 
Proc . 9th Internat'l Vacuum Cong. and 5th Internat'l Conf. on 
Solid Surfaces,Invited Speakers' Volume, (deSegoviaJL,ed.), 
Asociacion Espanola del Vacio y sus Applicaciones, 
Madrid, Spain, 3 - 16. 
Ehrlich G, Hudda FG. (1966). Atomic view of surface 
self-diffusion: tungsten on tungsten, J. Chem. Phys. 44, 
1039 -1049. 
Ehrlich G, Stolt K. (1980) . Surface diffusion, Annu. 
Rev. Phys. Chem. 31,603 - 637. 
Einstein A. (1956). Investigations on the Theory of the 
Brownian Movement , Dover, New York, 1 - 17. 
Fink H-W. (1988). Direktobservationof atomic motion 
on surfaces. In: Diffusion at interfaces - microscopic concepts, 
(Grunze M, Kreuzer HJ, Weimer JJ, eds.), Springer-
Verlag, Berlin, 75 - 91. 
Fink H-W, Ehrlich G. (1984). Lattice steps and adatom 
binding on W(211), Surf. Sci. 143, 125 -144. 
Fink H-W, Ehrlich G. (1985). Rhenium on W(110): 
Structure and mobility of higher clusters, Surf. Sci. 150, 
419 - 429. 
Flahive PG, Graham WR. (1978) . Surface site geometry 
and diffusion characteristics of single Ni a toms on W(l 11), 
Thin Solid Films 51, 175 - 184. 
Flahive PG, Graham WR. (1980a). Pair potential cal-
culations of single a tom self-diffusion activation energies, 
Surf. Sci. 91, 449 - 462. 
Flahive PG, Graham WR. (1980b). The determination 
of single atom surface site geometry on W(111), W(211) 
and W(321), Surf. Sci. 91,463 - 488. 
Flynn CP. (1972). Point Defects and Diffusion , Clarendon 
Press, Oxford, Chap. 7. 
Ganz E, Sattler K, Clarke J. (1989). Scanning tunneling 
microscopy of Cu, Ag, Au and Al ad atoms, small clusters, 
and islands on graphite, Surf. Sci. 219, 33 - 67. 
Gao QJ, Tsong TT. (1987). Direct observation of atomic 
structures in the surface reconstruction of Ir and Pt(001), 
(110), and (131) surfaces, Phys. Rev. B36, 2547 - 2556. 
Girifalco LA, Weizer VG. (1959). Application of the 
Morse potential function to cubic metals, Phys. Rev. 114, 
687 - 690. 
Golovchenko JA. (1986) . The tunneling microscope: a 
new look at the atomic world, Science 232, 48 - 53. 
Gomer R. (1973). Current fluctuations from small re-
gions of adsorbate covered field emitters, Surf. Sci. 38, 
373 - 393. 
Gong YM, Gomer R. (1988) . Thermal roughening on 
stepped tungsten surfaces I. The zone (011) - (112), J. 
Chem. Phys 88, 1359 - 1369. 
Direct Observations of Surface Diffusion 
Graham WR, Ehrlich G. (1974). Direct identification of 
atomic binding sites on a crystal, Surf. Sci. 45, 530 - 552. 
Hamers RJ. (1989). Atomic - resolution surface spec-
troscopy with the scanning tunneling microscope, Annu. 
Rev. Phys. Chem. 40,531 - 559. 
Hren J, Kellogg GL. (1984). Field ion microscopy and 
atom - probe mass spectroscopy of sulfur on the (111) 
plane of nickel, Surf. Sci. 147, 349 - 355. 
Isaacson M, Kopf D, Utlaut M, Parker NW, Crewe AV. 
(1977). Direct observation of atomic diffusion by scanning 
transmission electron microscopy, Proc. Natl. Acad. Sci. 
USA 74, 1802 - 1806. 
Kellogg GL. (1987). Surface diffusion and clustering of 
nickel atoms on the (110) plane of tungsten, Surf. Sci. 187, 
153 -164. 
Kern R, LeLay G, Metois JJ. (1970). Basic mechanisms 
in the early stages of epitaxy. In: Current Topics in Mate-
rials Science, (Kaldis E, ed.), North Holland, Amsterdam, 
131 - 419. 
Kinosita K. (1981). Mobility of small clusters on the 
substrate surface, Thin Solid Films 85, 223 - 238. 
Kolaczkiewicz J, Bauer E. (1986). Thermal desorption 
spectroscopy of Ni, Cu, Ag and Au from W(l 10), Surf. Sci. 
175,508 - 519. 
Lovisa M, Ehrlich G. (1989). Adatom diffusion on 
rnetals:Ir on W(l 10), J. Phys. (Paris) 50, C8-279 - 284. 
Muller EW, Tsong TT. (1969). Field Jon Microscopy -
Principles and Applications, American Elsevier, New York, 
1 - 314. 
Panitz J. (1982). Field-ion microscopy - a review of 
basic principles and selected applications, J. Phys. El5, 
1281 -1294. 
Reed DA, Ehrlich G. (1975). Chemical specificity in the 
surface diffusion of clusters: Ir on W(211), Philos. Mag. 32, 
1095 -1099. 
Reed DA, Ehrlich G. (1982). Monte Carlo analysis of 
experiments on individual adatoms, Surf. Sci. 120, 179 -
202. 
Reed DA,EhrlichG. (1985). In-channelclusters:rhenium 
on W(211), Surf. Sci. 151, 143 -165. 
Sakata T, Nakamura S. (1975). Surface diffusion of 
molybdenum atoms on tungsten surfaces, Surf. Sci. 51, 
313 - 317. 
Smoluchowski Mv. (1914). Studien uber 
Molekularstatistik von Emulsionen und deren 
Zusamrnenhang mit der Brown'schen Bewegung (Stud-
ies of the molecular statistics of emulsions and their 
connection with Brownian motion), Sitzungsber. Akad. 
Wiss. Wien,Math.-Naturwiss. Kl.,Abt. Ila 123,2381-2405. 
Stolt K, Graham WR, Ehrlich G. (1976). Surface diffu-
sion of individual atoms and dimers: Re on W(211), J. 
Chem. Phys. 65, 3206 - 3222. 
Tringides M, Gomer R. (1986). Diffusion anisotropy of 
oxygen and of tungsten on the tungsten(211) plane, J. 
Chem. Phys. 84, 4049 - 4061. 
Tsong TT. (1988). Experimental studies of the behaviour 
of single adsorbed atoms on solid surfaces, Rep. Prog. 
Phys. 51, 759 - 832. 
Tung RT, Graham WR. (1980). Single a tom self-diffusion 
841 
on nickel surfaces, Surf. Sci. 97, 73 - 87. 
Utlaut M. (1980). Direct observation of the behavior of 
heavy single atoms on amorphous carbon substrates, 
Phys. Rev. B22, 4650 - 4665. 
VanHoveMA, WeinbergWH,ChanC-M. (1986) .Low-
Energy Electron Diffraction - Experiment, Theory and Surface 
Structure Determination, Springer - Verlag, Berlin, 517 -
518. 
Wang SC, Ehrlich G. (1988). Adatorn diffusion on 
W(211): Re, W, Mo, Ir and Rh, Surf. Sci. 206,451 - 474. 
Wang SC, Ehrlich G. (1989a). Binding sites for cluster 
atoms: Ir on Ir(l 11), Surf. Sci. 217, L397 - 405. 
Wang SC, Ehrlich G. (1989b). Cluster motion on met-
als: Ir on Ir(l 11), J. Chem. Phys. 91, 6536 - 6536. 
Wang SC, Ehrlich G. (1989c) . Imaging and diffusion of 
individual iridium adatoms on Ir(l 11), Surf. Sci. 224, 
L997 -1003. 
Wang SC, Ehrlich G. (1989d). Self-adsorption sites on 
a close-packed surface: Ir on Ir(l 11), Phys. Rev. Lett. 62, 
2297 - 2300. 
Wang SC, Wrigley JD, Ehrlich G. (1989). Atomic jump 
lengths in surface diffusion: Re, Mo, Ir, and Rh on W(211), 
J. Chern. Phys. 91, 5087 - 5096. 
Wolf D. (1990). Correlation between energy, surface 
tension and structure of free surfaces in fee metals, Surf. 
Sci. 226, 389 - 406. 
Woodruff DP, Delchar TA. (1986). Modern Techniques 
of Surface Science, Cambridge University Press, Cam-
bridge, 1 - 453. 
Wrigley JD, Ehrlich G. (1980). Surface diffusion by an 
atomic exchange mechanism, Phys. Rev. Lett. 44, 661- 663. 
Wrigley JD, TwiggME,EhrlichG. (1990). Lattice walks 
by long jumps, J. Chern. Phys. 93, 2885 - 2902. 
Discussions with Reviewers 
P.R. Schwoebel: In single atom diffusion, is it always clear 
that the adatom would like to sit in every similar type of 
hollow site, every other, or not in hollow sites at all. 
Extending this to clusters, is it possible that a shift from 
(2x2) to (lxl) growth occurs: i.e., could it be that in the 
examination of the relatively small clusters accessible to 
the FIM one may, in particular cases, be observing (2x2) as 
opposed to (lxl) structures? 
Author: The determination of interatomic spacings in the 
field ion microscope is a problem that must be addressed 
separately for each plane studied. For W(l 10) this matter 
is discussed by Chambers (1990); site determinations for 
Ir(l 11) have been presented in the text reference by Wang 
and Ehrlich (1989d), and for W(211), (321), and (111) in the 
text reference by Flahive and Graham (1980b). 
It is quite easy to check the possibility that in diffusion, 
a single atom may jump to sites two spacings removed, 
which would give an incorrect distance scale. If this were 
to occur, repeated mapping experiments on the same 
plane, but with newly deposited atoms, would give site 
grids that do not coincide. When all the sites mapped out 
with different atoms are plotted, the total would yield a 
(lxl) grid, rather than the (2x2) grid for a single atom 
Gert Ehrlich 
making double jumps. For iridium clusters on Ir(l 11), the 
only system for which detailed structures have been 
reported for clusters of many different sizes, all deter-
mined by detailed mapping, there is no indication of a 
change from (2x2) to (lxl) arrangement. In general, as 
long as mapping experiments are done carefully, they 
provide reliable information about spacings on a surface. 
D. W. Bassett: In considering jump length distributions, is 
it possible to differentiate between intrinsic low-frequency 
long jumps and extrinsic jumps due to interaction of the 
metal adatom with a chemisorbed impurity, for example 
H, that might be present occasionally no matter how 
carefully the surface is cleaned. 
Also, is it possible to make any quantitative correlation 
between the information about adatom jump processes, 
including cross-channel jumps, and the anisotropy of 
surface diffusion seen in macroscopic experiments with 
channelled surfaces at high temperature? 
Author: The conditions under which jump length are 
measured, described for example in the text reference by 
Wang et al. (1989), are specifically designed to eliminate 
the possibility of contamination. Most of our systems are 
constructed of glass, to avoid the hydrogen evolution 
common in stainless steel enclosures, and before the start 
of every experiment the apparatus is thoroughly gettered. 
Various tests indicate that in the limited time intervals 
during which measurements are made there is no detect-
able intrusion of impurities. 
Furthermore, the odd impurity atom is unlikely to 
have any effect on the values of the jump lengths. These 
are determined from the overall shape of the displace-
ment distribution function; to measure this distribution 
usually requires on the order of a thousand observations. 
In order to find an effect of gases upon the jump lengths 
of adatoms, it would be necessary to introduce enough 
gas to ensure that impurities are present in a significant 
fraction of all the observations; just a few measurements 
with an impurity on the surface would not significantly 
alter the overall distribution. 
As regards correlations between observations of 
the diffusivity of individual adatoms, and macroscopic 
mass transfer experiments at high temperatures, one thing 
is most important to remember: in the high temperature 
measurements the atomic events are much more compli-
cated. In our experiments, for example, we place one 
ad atom on a highly perfect plane prepared by field evapo-
ration and study its behavior. In macroscopic experi-
ments, adatoms are created by thermal dissociation from 
lattice steps, which produces a surface which is likely to be 
be much more disordered, and in which interactions of 
adatoms with various defects, such as lattice steps, form 
an important part of the overall diffusion process. Com-
parisons between the two regimes have been made in the 
past, most recently by Choi and Gomer (1990). 
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